minimal levels during the malaria parasite blood phase, which relies solely on aerobic glycolysis (21) . Nevertheless, nominal transport is essential, primarily as an electron sink for pyrimidine biosynthesis (22) . We hypothesize that the modest levels of mitochondrial electron transport during blood phase offer relaxed selection on cytB-which is multicopy and easily mutable (3, 23)-allowing respiration-deficient mutants (8, 24) with reduced atovaquone binding (9) to be readily selected by drug pressure. However, when these mutants switch to the mosquito phase-which relies on full aerobic respiration with an active tricarboxylic acid cycle (25) , robust electron transport (17, 26, 27) , and mitochondrial adenosine triphosphatase activity (28)-the respiration deficits of the cytB mutants (8, 24) prevent them from completing their development and generating infectious sporozoites. This results in a block of transmission of atovaquone resistance genotypes to new hostsa block that cannot be overcome by outcrossing because cytB is maternally inherited.
Cytochrome b is thus a rather unique malaria drug target. Its genetics are constrained by maternal inheritance (10) (11) (12) 29) , there is no recombination of mitochondrial DNA (23) , and markedly different selection regimes in the mammalian versus the mosquito hosts (17, 25, 26, 28) all combine to restrict the parasite's options to disseminate mutations conferring resistance to atovaquone, even though they can arise relatively quickly in patients (2, 3) . These constraints likely apply to other cytochrome b targeting drugs currently under development (30) (31) (32) and perhaps to drugs targeting the maternally inherited apicoplast (10) (11) (12) 29) , an endosymbiotic organelle drug target that also has differential activity across the life cycle. During cancer metastasis, tumor cells penetrate tissues through tight interstitial spaces, which requires extensive deformation of the cell and its nucleus. Here, we investigated mammalian tumor cell migration in confining microenvironments in vitro and in vivo. Nuclear deformation caused localized loss of nuclear envelope (NE) integrity, which led to the uncontrolled exchange of nucleo-cytoplasmic content, herniation of chromatin across the NE, and DNA damage. The incidence of NE rupture increased with cell confinement and with depletion of nuclear lamins, NE proteins that structurally support the nucleus. Cells restored NE integrity using components of the endosomal sorting complexes required for transport III (ESCRT III) machinery. Our findings indicate that cell migration incurs substantial physical stress on the NE and its content and requires efficient NE and DNA damage repair for cell survival.
T he nuclear envelope (NE), comprising the inner and outer nuclear membranes, nuclear pore complexes, and the nuclear lamina, presents a physical barrier between the nuclear interior and the cytoplasm that protects the genome from cytoplasmic components and establishes a separate compartment for DNA and RNA synthesis and processing (1) . Loss of NE integrity and nuclear pore selectivity has been linked to the normal aging process and a variety of human diseases, including cancer (2). In cancer progression, key steps of tumor cell invasion depend upon deformation of the nucleus into available spaces within the threedimensional tissue (3) (4) (5) (6) . Whereas the cytoplasm of migrating cells can penetrate even submicronsized pores, the deformation of the large and relatively rigid nucleus becomes a rate-limiting factor in migration through pores <25 mm 2 in cross section (4, (6) (7) (8) (9) (10) . We hypothesized that migration through such tight spaces provides a substantial mechanical challenge to the integrity of the nucleus. Thus, we investigated whether cell migration through confining spaces induces NE rupture and compromises DNA integrity and how cells repair such NE ruptures during interphase.
To model cancer cell invasion with precise control over cell confinement, we designed a microfluidic device containing constrictions with fixed height and varying widths mimicking interstitial pore sizes ( fig. S1, A and B) (11) . We detected NE rupture using previously established fluorescent reporters consisting of green or red fluorescent proteins fused to a nuclear localization sequence (NLS-GFP and NLS-RFP, respectively) that rapidly escape into the cytoplasm when NE integrity is lost (12) (13) (14) . Breast cancer, fibrosarcoma, and human skin fibroblast cells displayed transient loss of NE integrity, which coincided with the nucleus passing through the constrictions (Fig. 1,  A and B; fig. S1 , C to L; and movie S1). NE rupture was associated with transient influx of fluorescently 
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labeled cytoplasmic proteins into the nucleus (fig .  S2 ) and could also be detected by accumulation of the fluorescently labeled DNA-binding proteins' barrier-to-autointegration factor (BAF) (15) and guanosine 3′,5′-monophosphate-adenosine 3′,5′-monophosphate (cyclic GMP-AMP) synthase (cGAS) (16) at sites of NE rupture ( fig. S3 ). We then tested whether NE rupture also occurs during cancer cell migration in biological environments. Fibrosarcoma cells and skin fibroblasts exhibited NE rupture during migration in fibrillar collagen matrices (Fig. 1, C and D; fig. S4 ; and movie S2), with kinetics similar to those recorded in the constriction channels ( fig. S1M ). NE rupture typically occurred when the minimal nuclear diameter, which closely matches the pore size encountered by the cell (6), dropped to 3 mm (Fig. 1, D and E) and so linked NE rupture to cell movement through narrow spaces. Accordingly, NE ruptures were rare (i.e., below 5% per~12-hour observation period) for cells migrating on glass, in low-density collagen matrices, or through channels 15 × 5 mm 2 wide, in line with previously reported rates of spontaneous NE rupture in cancer cell lines (13) . However, when matrix pore sizes were reduced to 5 to 20 mm 2 and below by increasing collagen concentration and/or by SCIENCE sciencemag.org 15 
(ii) blocking the cells' ability to cleave collagen fibers and widen pores by addition of a matrix metalloprotease (MMP) inhibitor, the incidence of NE rupture increased 10-fold and more ( fig. S5, A  and B) . Similarly, reducing the pore size of the microfluidic channels to <20 mm 2 increased NE rupture more than 10-fold ( fig. S5, C and D) . Irrespective of the experimental model, the incidence of NE rupture increased exponentially with decreasing pore size (Fig. 1F) and reached >90% when the nuclear height was confined to 3 mm (fig. S5E ). Imaging HT1080 fibrosarcoma cells invading the collagen-rich mouse dermis in live tumors after orthotopic implantation confirmed that migration-induced NE rupture also occurs in vivo, particularly in individually disseminating cells (Fig. 1, G to J; fig. S6 ; and movie S3). NE rupture was less prevalent in cells moving as multicellular collective strands (Fig. 1J and fig.  S6 ), which typically follow linear tracks of least resistance and undergo less pronounced nuclear deformations (3, 7) .
NE rupture in vitro and in vivo was often accompanied by protrusion of chromatin through the nuclear lamina (Fig. 2, A and B; fig. S7 , A to I; and movies S4 and S5). The incidence of such "chromatin herniations" increased significantly with decreasing pore sizes (Fig. 2C and fig. S7H ). In severe cases, small pieces of the nucleus were pinched off from the primary nucleus as cells 
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Nucleus passed through narrow constrictions (Fig. 2D and movie S6), which resulted in an elevated and persistent fraction of cells with fragmented nuclei (Fig. 2E and fig. S7J ). Furthermore, cells that had passed through microfluidic constrictions had more nuclear fragments positive for g-H2AX, a marker of DNA double-strand breaks (17) , than cells that had not yet entered the constrictions (Fig. 2F) , consistent with recent reports that loss of NE integrity in micronuclei can cause DNA damage (14) and chromothripsis (18) . Intense g-H2AX staining could also be found at chromatin protrusions ( fig. S8A ). To confirm that DNA damage was caused by migration-induced nuclear deformation and NE rupture, we performed livecell imaging on cells coexpressing NLS-GFP and fluorescently labeled 53BP1 (RFP-53BP1), another marker of DNA damage (19, 20) . NE rupture, and even severe nuclear deformation alone, resulted in rapid formation of new RFP-53BP1 foci as cells squeezed through the constrictions (Fig. 2, G and  H; and fig. S8 , B to G), consistent with previous reports of increased activation of DNA damage response genes after compression-induced chromatin herniation and NE rupture (21) .
To gain further insights into the biophysical processes underlying NE rupture, we analyzed SCIENCE sciencemag.org 15 
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the timing and location of NE rupture in regard to nuclear deformation, local membrane curvature, NE composition, and cytoskeletal forces. NE rupture occurred predominantly (~76%) at the leading edge of the nucleus (Fig. 3, A and B) and was almost always (89.9 ± 2.14%, n = 198 cells) preceded by, or coincided with, the formation of nuclear membrane protrusions ("blebs") as the nuclei moved through the constrictions (Fig. 1, C and H; Fig. 3, A and C; and fig. S9 ). Nuclear membrane blebs typically (96.1 ± 1.38%, n = 178 blebs) formed at sites where the nuclear lamina signal, particularly the lamin B1 network, was weak or absent (Fig. 3, D to F, and fig. S10 , A and B). These findings indicate that blebs form when segments of the nuclear membrane detach from the nuclear lamina and bulge into the cytoplasm. Depletion of the lamins A/C and lamin B2 significantly increased the likelihood of NE rupture (Fig. 3G and fig. S10C ), which together with previous studies (4, 12, 13, (21) (22) (23) suggest that lamins are important for stabilizing the NE. Consistent with previous observations (13, 21, 22, 24, 25) , the expanding nuclear blebs were devoid of GFP-lamin B1 (Fig. 3 , D to F) and nuclear pores ( fig. S10D ), and initially contained little or no GFP-lamin A and B2 ( fig. S10, A and  B) . Upon NE rupture the blebs retracted and collapsed (Fig. 1, C and H; Fig. 3, A and C; fig. S9 ; and fig. S10, E to H), which suggested that hydrostatic pressure was released from the fluid-filled blebs. Although the NE contains pores, recent studies have shown that the NE can provide an effective barrier to support intracellular pressure gradients (26, 27) . Nuclear pressurization could arise from actomyosin contraction at the rear of the nucleus that is required to move the nucleus through tight spaces (5, 6), which effectively mimicks cellular compression experiments (21, 22) . Supporting this idea, treatment with low concentrations of blebbistatin, a myosin II inhibitor, significantly decreased the incidence of nuclear rupture (Fig. 3H ) without inhibiting the ability of cells to migrate through larger channels ( fig. S10I) The transient nature of NE rupture suggests that cells can efficiently restore nuclear membrane integrity during interphase. We observed rapid (<2 min) accumulation of GFP-lamin A at the site of rupture that correlated with the severity of nuclear rupture and that often persisted for hours (Fig. 3, I to K, and fig. S11 ). Subsequent ruptures within the same cell occurred at distinct sites ( fig. S11A ), which implied local protection by these "lamin scars." Two recent reports have shown that members of the endosomal sorting complexes required for transport III (ESCRT III) family are involved in resealing the nuclear membrane during late anaphase (28, 29) . To assess whether ESCRT proteins have a similar function in interphase NE repair, we generated GFP-fusion constructs of the ESCRT III subunit CHMP4B, involved in recruiting other ESCRT III proteins and facilitating membrane scission, and the ESCRT III-associated VPS4B, which is required for disassembly and recycling of ESCRT III proteins (30) . Upon NE rupture induced by confined migration or laser ablation, CHMP4B-GFP and VPS4B-GFP rapidly (in ≤2 min) formed transient foci at the site of nuclear membrane damage (Fig. 4, A to D; fig. S12; fig. S13 , A to C; and movie S7). Superresolution microscopy confirmed recruitment of endogenous ESCRT III proteins to sites of NE rupture into complexes ≤160 nm in size (Figs. 4E and fig. S13, D to H) . Recruitment of the ESCRT III machinery was independent of microtubules ( fig. S14) . Depletion of the ESCRT III subunit CHMP2A, CHMP7, or ectopic expression of a dominant-negative VPS4B mutant (GFP-VPS4B E235Q ) that prevents ESCRT III subunit recycling significantly increased the time required for nucleo-cytoplasmic recompartmentalization (Figs. 4, F and G, and fig. S13, I to N), which indicated a crucial role of ESCRT III proteins in restoring nuclear membrane integrity. To assess the functional relevance of NE repair, we quantified cell viability after NE rupture. Under normal conditions, the vast majority (>90%) of cells survived even repeated NE rupture (Figs. 1A and 4H and fig. S4A ). Inhibiting either ESCRT IIImediated NE repair or DNA damage repair pathways alone did not reduce cell viability, but inhibition of both NE and DNA repair substantially increased cell death after NE rupture (Fig. 4H) .
Taken together, our studies demonstrate that cell migration through confining spaces, as frequently encountered during cancer cell invasion, can challenge the integrity of the NE and DNA content, which could promote DNA damage, aneuploidy, and genomic rearrangements, andin the absence of efficient repair-cell death (31) . We propose a biophysical model in which cytoskeletal-generated nuclear pressure results in the formation and eventual rupture of nuclear membrane blebs at sites of high membrane curvature and weakness in the underlying nuclear lamina ( fig. S15 ). These events could be particularly prominent in cells with reduced levels of lamins, whose expression is deregulated in many cancers and often correlates with negative outcomes (32, 33) . Although NE rupture, and resulting genomic instability, may promote cancer progression, it may also represent a particular weakness of metastatic cancer cells and an opportunity to develop novel antimetastatic drugs by specifically targeting these cells, for example, by blocking NE repair and inhibiting DNA damage repair.
